A cardinal process in bacterial endocarditis (BE) is the activation of the clotting system and the formation of a fibrin clot on the inner surface of the heart, the so-called endocardial vegetation. The processes that lead to the activation of the clotting system on endothelial surfaces upon exposure to bacteria are largely unknown. In the present study, we investigated in an in vitro model whether infection of human endothelial cells (EC) with bacteria that are relevant to BE, such as Staphylococcus aureus, Streptococcus sanguis, and Staphylococcus epidermidis, leads to induction of tissue factor (TF)-dependent procoagulant activity (TFA) and whether this process is influenced by host factors, such as interleukin-1 (IL-1), that are produced in response to the bacteremia in vivo. The results show that S. aureus binds to and is internalized by EC, resulting in expression of TF mRNA and TF surface protein as well as generation of TFA within 4 to 8 h after infection. No TFA was found when EC were exposed to UV-irradiated S. aureus or bacterial cell wall fragments. S. sanguis and S. epidermidis, although also binding to EC, did not induce endothelial TFA. This indicates a species and strain dependency. EC also expressed TFA after exposure to IL-1. The enhanced TFA of EC after exposure to S. aureus was not prevented by IL-1 receptor antagonist, arguing against an auto-or paracrine contribution of endogenous IL-1. When IL-1 was applied together with bacteria, this had a synergistic effect on the induction of EC TFA. This was found in particular with S. aureus but also, although to a lesser degree, with S. sanguis and S. epidermidis. This influence of IL-1 on the species-and strain-dependent induction of EC TFA suggests that bacterial factors as well as host factors orchestrate the induction of coagulation in an early stage in the pathogenesis of endovascular disease, such as BE.
In the pathogenesis of endovascular infections, such as bacterial endocarditis (BE), pathogenic bacteria attach to and colonize vascular endothelium. Depending on the infecting microorganism, such contact will either lead to direct endothelial cell (EC) damage, followed by exposure of the thrombogenic subendothelial matrix, or induce EC activation, causing a local inflammatory reaction. In BE, the inflammatory reaction is localized on the heart valves and the mural endocardium. Staphylococcus aureus is one of the major causative pathogens of the disease (16, 51) . The incidence of S. aureus endocarditis now accounts for 25 to 35% of cases (32) . It often causes an acute and massive valvular destruction that affects patients with previously intact, undamaged heart valves (16, 32) . By contrast, viridans group streptococci, e.g., Streptococcus sanguis, cause a prolonged subacute clinical course in patients with already damaged heart valves (44) . With this microorganism, the endocardial lesion is characterized by the so-called vegetations, consisting of a fibrin-platelet matrix, in which bacterial colonies are embedded. Finally, Staphylococcus epidermidis often is isolated in prosthetic valve endocarditis (12, 36) . Bacteria frequently causing BE, such as S. aureus, S. sanguis, and S. epidermidis, were found in vitro to adhere more avidly to cultured ECs (4, 39, 41, 52) and aortic valves (28) than bacteria uncommon to the disease. Also, significantly smaller inocula of these bacteria are needed to induce endocarditis in vivo (25) . Specific human endothelial and bacterial surface molecules as well as plasma proteins have been identified as being involved in the interaction between the bacteria and ECs (13, 48, 49) . However, less well understood are the events subsequent to adherence as well as the bacterial or host cell factors that directly contribute to the initiation of the disease. So far, in vitro studies have shown that S. aureus, after its adherence to human ECs, is phagocytosed by these cells (7, 33, 39) . In vivo, this may lead to a persistent or recurrent infection (42) . Subsequent studies, including ours, revealed that various S. aureus strains induce EC activation that resulted in production of the chemokines interleukin-8 (IL-8) and monocyte chemotactic protein-1, surface expression of intercellular adhesion molecule-1 (ICAM-1; CD54) and vascular cell adhesion molecule-1 (VCAM-1; CD106), and enhanced monocyte adhesion (7, 46, 50, 54) . In addition, S. aureus has been shown to enhance endothelial secretion of the proinflammatory cytokines IL-1 and IL-6 (53, 54) and to elicit procoagulant activity in these cells (21) . These studies provide convincing arguments for an active role of S. aureus-infected ECs in thrombosis associated with inflammation and, with regard to BE, may explain why S. aureus already at a low inoculum causes infection of previously intact heart valves.
For the formation of the endocardial vegetations, the clotting system has to be activated. This occurs along the extrinsic pathway, indicating the involvement of tissue factor (TF) (11, 19) . As a result of this activation, fibrin is formed, which both serves as an adhesion surface for blood-borne bacteria and covers adhered microorganisms, making them inaccessible to host defense factors. TF is a 45-kD transmembrane cell surface protein. Its expression can be induced on cells situated within the vasculature in contact with blood, such as monocytes and ECs, under various pathological conditions (40, 47) and also in vitro upon activation by a variety of stimuli, such as proinflammatory cytokines, bacterial lipopolysaccharides, or bacteria (1, 9, 15, 22, 40, 45) . It is an obligate cofactor for coagulation factor VII/VIIa (FVIIa). The formed TF-FVIIa complex proteolytically activates coagulation factor X (FX), resulting in formation of FXa, which in turn triggers downstream coagulation pathways ultimately leading to the generation of thrombin and fibrin (11, 19, 35) .
Numerous investigations on the pathogenesis of BE focused on TF-dependent procoagulant activity (TFA) of vegetations that were already formed after mechanical damage to the endocardium. We have shown that in these vegetations TF, which is needed to activate the clotting cascade, is generated by monocytes, settling from the circulation on the (infected) vegetational surface (2, 3) . However, the events that start the formation of a vegetation on an intact endothelial surface when exposed to pathogenic bacteria are still largely unknown. Most likely, this process is influenced by certain characteristics of the infecting microorganism, such as its type, virulence, and ability to interact with vascular endothelium. We hypothesized that host factors, such as cytokines that are produced in response to the bacteremia, could be involved, rendering ECs more prone to infection and its consequences.
Therefore, the present in vitro study was undertaken to compare the abilities of bacteria relevant to BE to induce expression of TF in human ECs. Furthermore, the modulating effect of IL-1, as a representative cytokine produced at sites of bacterial infection and as a potent stimulator of EC function, on bacteria-induced endothelial TFA was investigated. This might provide a better insight into the crucial events during the initial stage of BE and, in particular, into the bacterial and host factors that orchestrate the induction of coagulation. overnight in brain heart infusion broth, and S. sanguis was grown in Todd-Hewitt broth at 37°C. The bacteria were harvested by centrifugation, resuspended in M199 plus 0.1% (wt/vol) gelatin and 10% (vol/vol) fresh human serum, and incubated for 30 min under rotation (4 rpm) for opsonization. The bacteria were then diluted in M199 plus 10% HuSi at the desired concentration prior to use in the infection assay. In some experiments, bacteria were killed by exposure to UV light for 60 min before opsonization. The number of bacteria used in the infection assay as well as the number of viable bacteria after UV irradiation was measured by colony counts after plating serial dilutions on blood agar plates and overnight incubation at 37°C.
Infection of ECs with bacteria. Confluent monolayers of about 2 ϫ 10 5 ECs were washed once with culture medium without antibiotics. Then various inocula of opsonized bacteria in M199 with 10% HuSi were added, and plates were incubated for different periods of time at 37°C in a 5% CO 2 incubator, as previously described (7) . After this, the monolayers were washed with warm phosphate-buffered saline (PBS). In some experiments, this was followed by an incubation with 10 U of lysostaphin per ml for 5 min at room temperature, which lysed all extracellular but not the intracellular bacteria. For the determination of the percentage of infected ECs, monolayers grown on gelatin-coated glass coverslips were used. After the infection period, these coverslips were washed with warm PBS. Then the ECs were fixed in methanol for 15 min and stained with Giemsa stain. The percentage of infected ECs, i.e., cells with at least one cellassociated bacterium, was determined under a light microscope.
Flow cytometric analysis of endothelial TF antigen expression. For fluorescence-activated cell sorter (FACS) analyses, ECs were collected and prepared as previously described (7) . Briefly, ECs were grown to confluence in a 0.75% gelatin-coated tissue culture flask and washed with culture medium without antibiotics. These cultures were then incubated with approximately 5 ϫ 10 8 CFU of opsonized bacteria, i.e., about 200 bacteria per EC, in 10 ml of M199 with 10% HuSi or culture medium alone for 24 h at 37°C in a 5% CO 2 incubator. After a wash in PBS, the cells were harvested after mild trypsinization and collected and washed in cold (4°C) PBS with 1% heat-inactivated fetal calf serum (wash buffer). Subsequently, these cells were incubated for 30 min at 4°C in PBS supplemented with 1% goat serum and 1% HuSi. All further incubations were done on ice. The cells were washed twice in wash buffer and incubated with 1 g of MAb TF10H10 per ml for 30 min. After two washes, the cells were incubated for 30 min with phycoerythrin-conjugated goat anti-mouse immunoglobulin (Southern Biotechnology Associates Inc., Birmingham, Ala.) according to the suppliers manual, washed once, and then analyzed by flow cytometry with a FACScan (Becton Dickinson). In each sample, 10,000 cells were analyzed. ECs treated with conjugated Ab alone served as a control to set background fluorescence.
TF assay. Confluent secondary EC cultures on gelatin-coated coverslips were incubated with opsonized bacteria or IL-1 in M199 with 10% HuSi, as described above, for different periods of time. Then the coverslips were transferred to a 24-well plate. TFA was measured as described by Bancsi et al. (1) . Briefly, the coverslip was washed once with warm PBS and incubated with 125 l of buffer containing 0.125 pmol of purified FVII and 0.125 nmol of CaCl 2 for 20 min at 37°C under rotation at 200 rpm to allow formation of a TF-FVII-Ca complex. Next, 20 l of 10 U of FX per ml was added. After 5 min at 37°C, 100 l of the mixture was removed and added to 100 l of buffer containing EDTA, to stop FXa formation. Then the sample mixture was warmed to 37°C. Subsequently, 25 l of 1 mg of PefachromeFXa, a chromogenic substrate for FXa, was added. After 20 min at 37°C, the conversion of the substrate was stopped by the addition of 200 l of 50% (vol/vol) acetic acid. The optical density at 405 nm was measured and converted into FXa concentrations. For this calculation, a calibration curve was used from purified FX that was fully activated with Rusel Viper Venom. Data are expressed as mU of FXa per well containing approximately 2 ϫ 10 5 ECs. RNA isolation and RT-PCR. RNA was isolated with RNazol according to the provider's manual from noninfected ECs or from ECs infected for different periods of time with an optimal concentration of S. aureus, S. epidermidis, or S. sanguis or from ECs stimulated with IL-1. From this RNA, cDNA was made. Therefore, 1 l of 5 pmol of oligo deoxyribosylthymine was incubated with approximately 1 g of total RNA for 10 min at 70°C. Subsequently, a mixture of 0.5 l of RT, 4 l of 5ϫ cDNA reaction buffer, 2 l of 0.1 M dithiothreitol, 2 l of dNTPs, 0.25 l of RNasin, and 1.25 l of water was added, followed by incubation for 1 h at 37°C. The cDNA-containing solution was stored at Ϫ20°C until further use. For PCR, the following primers, obtained from GIBCO BRL (Breda, The Netherlands), were used: human TF, 5Ј-ATGGAGACCCCTGCC TGG-3Ј (sense) and 5Ј-CCAGCAGAACCGGTGCTC-3Ј (antisense), and ␤2-microglobulin, 5Ј-CCAGCAGAGAATGGAAAGTC-3Ј (sense) and 5Ј-GATGC TGCTTACATGTCTCG-3Ј (antisense). One microliter of the cDNA-containing solution was mixed with 5 l of supplied buffer, 2 l of dNTPs, 1 l of 10 pmol of sense primer, 1 l of 10 pmol of antisense primer, and 0.16 l of AmpliTaq, to a total volume of 50 l with aquadest. To avoid evaporation, mixtures were covered with paraffin. After 30 cycles, a 5-l sample was put on a 2% agarose gel with ethidium bromide. After electrophoresis, the PCR product was measured with UV light (EagleEye II; Stratagene, Westburg BV, Leusden, The Netherlands).
Statistical analysis. Differences between the results of the various experiments were evaluated by means of the Wilcoxon signed-rank test.
RESULTS

Infection of ECs after bacterial challenge.
To determine whether different species of bacteria that represent the main causative bacteria in bacterial endocarditis differ in their ability to attach to ECs, monolayers were exposed to opsonized S. aureus, S. sanguis, or S. epidermidis for different periods of time. The bacteria to EC ratio was approximately 200:1. The percentage of ECs with cell-associated bacteria, i.e., bacteria bound to the EC surface or localized intracellularly, increased in a time-dependent fashion (Fig. 1) . This was already shown for S. aureus in a previous study (7) . For both S. aureus and S. sanguis, the binding to ECs occurred within 15 min after the addition of the bacteria. For S. aureus, a plateau level of approximately 95% of infection was reached in 2 h. With S. sanguis, about 80% of the ECs were infected after 8 h (Fig. 1) . A longer exposure of ECs did not further increase the number of infected cells; 24 h after the addition of bacteria, the percentages of ECs infected with S. aureus or S. sanguis were 99.9% Ϯ 0.24% (n ϭ 3) and 83.2% Ϯ 4.4% (n ϭ 3), respectively. For S. epidermidis, a consistently lower infection (7% at 1 h) of the ECs was found. This gradually increased to 54.2% Ϯ 12.9% (n ϭ 3) after 24 h.
By microscopy, EC-bound bacteria were found to be located randomly over the EC monolayer (Fig. 2) . This was observed with all three bacteria. Exposure of ECs to bacteria, in particular S. aureus, for periods longer than 24 h resulted in cell detachment and loss of EC monolayer integrity.
For all three bacteria, outgrowth in M199 containing 10% HuSi, i.e., the medium that was used in the infection assay, was negligible during 24 h (data not shown). Thus, the time-dependent increase in EC-associated bacteria cannot be explained by extracellular proliferation during the infection assay.
Species-and strain-dependent induction of TFA of bacteriainfected ECs. Noninfected, unstimulated monolayers of ECs expressed little TF-dependent procoagulant activity. This confirmed earlier findings by Maynard et al. (37) . Values for TFA ranged from 0.7 to 4.1 mU per well of about 2 ϫ 10 5 cells, representing variation between EC donors. Exposure of these ECs to S. aureus at a ratio of about 250 bacteria per single EC resulted in an increase of the low basal TFA. Time course experiments (Fig. 3A) showed this increase to be significant (P Ͻ 0.001; n ϭ 5) from 6 h onward, with the level gradually rising to 13.23 Ϯ 4.94 mU of FXa/well at 24 h of bacterial exposure. The increase of endothelial TFA was dependent on the number of added S. aureus (Fig. 3B) . Incubation of ECs for 7 h with at least 10 7 S. aureus organisms per well (n ϭ 4), i.e., more than 50 bacteria per single EC, resulted in an increase of TFA. A maximum of about 10 mU of FXa/well was achieved by incubation with 8 ϫ 10 7 bacteria (n ϭ 4). Incubation with more than 2 ϫ 10 8 S. aureus organisms, i.e., 1,000 bacteria per EC, resulted in a decline of the TFA, most probably due to EC damage as apparent from disruption of the monolayer integrity. S. aureus in suspension did not by itself express TFA (data not shown). Experiments with S. sanguis or S. epidermidis showed that neither of these microorganisms induced TFA at any bacterial concentration (data not shown) with any incubation period (Fig. 3A) .
Influence of extracellular bacteria, bacterial products, or bacterial viability on endothelial TFA. In an earlier study, it was demonstrated that cultured ECs internalize S. aureus within 60 min after bacterial exposure (7) . This resulted in the induction of a variety of proinflammatory properties, such as expression of adhesion molecules and leukocyte binding. This could be detected after an additional 23 h of culture and could not be abrogated by removal of the extracellular bacteria after 60 min. However, when in the present study the extracellular S. aureus strains were removed after 60 min, either by washing or by treatment with lysostaphin, the increase in EC TFA after 23 h of culture did not occur in the absence of extracellular bacteria (Table 1) . Thus, either the bacteria, when present only intracellularly, are unable to induce EC TFA or their presence is insufficient in this respect.
As for live S. aureus, it was also found in a previous study that UV-killed S. aureus could adhere to and be internalized by ECs as well as induce proinflammatory properties in these cells after 23 h of culture (7) . By contrast, these killed bacteria did not induce EC TFA, as shown by incubation with 5 ϫ 10 7 UV-irradiated S. aureus (Table 2) . Neither was TFA induced by supernatants of overnight cultures of S. aureus containing cell wall fragments and soluble bacteria-derived factors (Table  2) .
Together, these findings indicate that the presence and uptake of substantial numbers of live S. aureus organisms intra- (Fig. 3A) . c ECs were incubated with 4 ϫ 10 7 S. aureus organisms for 1 h, washed with warm PBS to remove non-cell-associated bacteria, and then cultured for the indicated additional periods of time.
d ECs were incubated with 4 ϫ 10 7 S. aureus organisms for 1 h and then washed, treated with lysostaphin to lyse extracellular but not intracellular bacteria, washed, and cultured for the indicated additional periods of time.
e The value of P was Ͻ0.001 for S. aureus at 0 h versus S. aureus at 6, 7, and 8 h.
cellularly as well as extracellularly are needed to induce endothelial TFA.
Influence of exogenous or endogenous IL-1 on TFA by bacteria-infected ECs. Stimulation of ECs by IL-1 can lead to expression of functional TF antigen (9, 10) . This observation was confirmed in this study (Fig. 4A ). In addition, we found that the time course and level of TFA during exposure of ECs to IL-1 were different from those observed during infection with S. aureus (Fig. 3A) . With IL-1, TFA was already detectable after 5 h (20.26 Ϯ 7.29 mU of FXa/well; P ϭ 0.013; n ϭ 4), had reached the highest level (30.5 Ϯ 5.6 mU of FXa/well) after 8 h, and had returned to a near basal level (6.9 Ϯ 3.0 mU of FXa/well; n ϭ 4) after 24 h of stimulation (Fig. 4A) , the time point at which TFA was maximal with S. aureus.
It could be that the enhanced TFA of S. aureus-infected ECs was due to stimulation by IL-1, produced by the infected ECs. To test this possibility, the infection assay was performed in the presence of rIL-1ra. This did not prevent the increase of S. aureus-induced EC TFA, whereas TFA induced by IL-1 was effectively abolished (Table 3) . Neither did RT-PCR give evidence for induction of IL-1 mRNA in ECs infected with S. aureus. The time points tested were 4, 7, and 20 h after infection. As a control, ECs were stimulated with IL-1, which resulted in IL-1 mRNA at 20 h (data not shown), demonstrating the validity of the selected PCR primers. Thus, although IL-1 could induce TFA in EC, the above findings strongly argue against an auto-or paracrine stimulation by IL-1 in the induction of TF in ECs by staphylococcal infection. RT-PCR also did not reveal induction of mRNA for tumor necrosis factor alpha (TNF-␣) in ECs after stimulation with bacteria (data not shown).
Next, we tested whether exogenous IL-1 could influence the induction of TFA in ECs during simultaneous exposure to bacteria. Incubation of ECs with S. aureus together with IL-1 was found to have a synergistic effect on TFA induction (Fig.  4B ). TFA reached a high level (33.51 Ϯ 7.13 mU of FXa/well) after 7 h, as it did with IL-1 alone, but remained at this level (37.39 Ϯ 6.71 mU of FXa/well; n ϭ 5) up till 24 h. Exposure of ECs to IL-1 together with S. sanguis or S. epidermidis, i.e., the bacteria that by themselves did not induce TFA (Fig. 3A) , resulted in TFA that up till 24 h remained significantly higher (P Ͻ 0.04; n ϭ 5) than the TFA induced after stimulation with IL-1 alone, although at this time point it was significantly lower ECs were incubated at 37°C with M199 plus 10% HuSi (none) or 5 ϫ 10 7 S. aureus organisms in the absence (Ϫ) or presence (ϩ) of 30 ng of rIL-1ra per ml for 7 or 24 h. Control monolayers were stimulated with 5 ng of IL-1 per ml. Then ECs were washed, and TFA was determined as described in Material and Methods.
b Values represent means Ϯ standard deviations of at least four experiments with ECs from different donors.
c The value of P was 0.03 for the TFA with IL-1 as the stimulus in the presence of rIL-1ra at 7 h versus that in the absence of rIL-1ra at 7 h.
than the TFA induced with the combination of IL-1 and S. aureus (Fig. 4B) .
TF mRNA and TF surface antigen expression. To assess whether the increase in TF functional activity after bacterial and/or cytokine stimulation was accompanied by an increase in mRNA and/or surface protein expression, bacteria-infected ECs were prepared for RT-PCR and FACS analysis. In noninfected control ECs, the PCR product for TF mRNA was undetectable over a period of at least 20 h (Fig. 5) . Also, flow cytometry revealed no TF antigen on the EC membranes (data not shown).
Stimulation with IL-1 as well as infection with S. aureus resulted in a time-dependent TF mRNA (Fig. 5) and TF antigen expression (Fig. 6) . With IL-1 stimulation, TF mRNA could already be detected at 4 and 8 h but no longer at 20 h, while the expression of TF antigen on the cell surface followed a similar course. With S. aureus stimulation, TF mRNA could be detected at 4 h but persisted at least up to 20 h after infection of the ECs. TF antigen could be detected at 8 h and persisted at least up till 24 h, being the latest time point assayed. In S. sanguis-or S. epidermidis-infected ECs, neither TF mRNA (Fig. 5) nor TF surface antigen (data not shown) was found over an infection period of at least 20 h.
DISCUSSION
The present study shows that in addition to the induction of a variety of proinflammatory properties (7, 46, 53, 54) The ability of invasive microorganisms to infect and colonize vascular endothelium has been studied in relation to many types of infectious diseases. Pathogens like Neisseria meningitidis (30) , Streptococcus pneumoniae (27) , Rickettsia rickettsii (14) , and Chlamydia pneumoniae (26) have been reported to directly induce TFA in cultured human ECs upon infection. Drake and Pang (21) found that S. aureus also induces TFA in cultures of human valvular ECs. As an extension to this, the present study shows not only that monolayers of human venous ECs express TFA upon exposure to S. aureus but also that this was accompanied by an induction of TF mRNA. This began somewhat earlier and was accompanied by an increase of surface expression of TF molecules. Thus, TFA of S. aureusinfected ECs is controlled at the level of TF gene transcription and a de novo synthesis of TF. Our data, however, do not exclude the possibility that some TFA results from TF deencryption, a process causing an increase in TFA due to changes in the quaternary structure of the TF molecule or alterations in the endothelial outer cell surface membrane (29, 43) . For induction of endothelial TFA, at least a ratio of approximately 30 bacteria per cell was needed, while maximal TFA was attained after incubation at a ratio of 200 to 400 bacteria per EC, resulting in an infection of 95 to 100% of the cells. It is not unlikely that this degree of infection can be achieved locally during S. aureus bacteremia, in particular when the well-described propensity of these organisms to colonize ECs is also taken into account (4, 39, 41 ; this study).
ECs are known to synthesize and secrete cytokines, including IL-1, upon bacterial infection (53) . Thus, it could be that such endogenous IL-1 could activate ECs in an auto-or paracrine manner. However, a contribution of endogenous IL-1 with respect to TFA by S. aureus-infected ECs could be excluded, since it was not affected by rIL-1ra. Also, by RT-PCR no IL-1 mRNA could be detected in S. aureus-infected ECs up to at least 20 h after infection (data not shown). Neither did S. aureus-infected ECs express TNF-␣ mRNA, arguing against a possible contribution of endogenous TNF-␣ in the induction of TFA of infected ECs.
From our data, we conclude that the increase in endothelial TFA is dependent on specific properties of the bacteria that infect the ECs. While S. aureus induces endothelial TFA, neither S. sanguis nor S. epidermidis under similar experimental conditions does so. Also, incubation of ECs with soluble S. aureus-derived factors or cell wall fragments does not influence TFA. The inability of S. epidermidis to induce TFA in human umbilical vein ECs is in line with the findings of Drake and Pang with human valvular ECs (22) . That S. sanguis and S. epidermidis do not induce TFA in ECs is not explained by their inability to interact with ECs, because we found that these bacteria do associate with the EC surface membrane, although the magnitude of their adherence to ECs is somewhat lower than that of S. aureus. Moreover, in a separate study, with the same experimental procedure, we found that ECs upon contact with S. epidermidis or S. sanguis become activated and express elevated numbers of ICAM-1 and VCAM-1 molecules on their surface, resulting in an enhanced monocyte adhesion (unpublished data). For these bacteria, this indicates that the process of bacterial adhesion by itself is insufficient to induce TFA in ECs and furthermore suggests that this induction is regulated in bacteria-infected ECs by processes that differ from those regulating endothelial proinflammatory activity, such as cytokine production and leukocyte recruitment. Also, the lack of TFA in ECs after incubation with UV-killed, and therefore inactive, S. aureus, is in agreement with this. These killed bacteria are still able to effectively induce endothelial proinflammatory activity (7, 46) . Although the experiments give no evidence about the nature of the relevant bacterial structures, they do indicate that endothelial TFA is induced only in the presence of cell-associated live S. aureus, suggesting an active participation of these microorganisms. With regard to the pathogenesis of BE, this propensity of S. aureus to interact with ECs and consequently induce TFA in these cells might explain why S. aureus already at a low inoculum can cause an infection on previously intact heart valves.
A further important finding was that the generation of EC TFA by bacteria is enhanced by IL-1. This inflammatory cytokine is produced during bacteremia and is a potent activator of EC function (6, 20, 34) . It is conceivable that the interaction between bacteria and ECs is facilitated by the presence of this host-derived cytokine. The results of this study indeed demonstrate that exposure of ECs to a combination of IL-1 and bacteria leads to a marked induction of TFA, which was more than the sum of TFA induced by either stimulus alone. This synergism was most clear from the experiments with S. aureus but, surprisingly, was also observed with S. sanguis and S. epidermidis, two bacterial species that by themselves did not induce endothelial TFA. Apparently, the inflammatory stimulus changes the response of ECs to bacterial infection. We surmise that, in vivo, in the situation that the vascular endothelium is still undamaged, cytokines precondition ECs in a way that promotes the induction of endothelial TFA by bacteria. This finding may be important for the induction of coagulation in BE and other intravascular infections that leads to fibrin formation and, consequently, the colonization of (valvular) endothelium. This conclusion is supported by results from a study in rabbits demonstrating that induction of BE could be promoted by intravenous injection of this cytokine prior to S. sanguis inoculation (18) . The mechanism underlying this preconditioning effect of IL-1 is currently under investigation.
The data presented in this study were obtained in vitro by using ECs from human umbilical veins. Although conditions in vivo for endocardial ECs may be somewhat different, we presume that these data are relevant for the pathogenesis of BE. Therefore, in summary, we show that binding to and/or internalization of bacteria by ECs have an effect on endothelial TFA that depends on the type of infecting microorganism but also on the inflammatory status of the ECs. With regard to the pathogenesis of BE, this has prompted us to consider the following hypothesis for the events that can start coagulation and fibrin formation on intact endothelial surfaces. Bacteria with a high affinity for ECs, such as S. aureus, induce EC TFA as well as monocyte adhesion by surface expression of ICAM-1 and VCAM-1. By contrast, S. sanguis or S. epidermidis induce EC activation in a manner that results only in monocyte adhesion but not in generation of TFA. We assume that (surface) proteins of S. aureus responsible for mediating their binding to ECs and their induction of endothelial TFA may be different or lacking in S. sanguis or S. epidermidis. The binding of monocytes to bacteria-infected ECs through the engagement of their ␤ 1 -and ␤ 2 -integrin receptors, being the natural ligands for endothelial VCAM-1 and ICAM-1, initiate signal transduction leading to generation and expression of TF (17, 24) as well as the release of TNF-␣ (17, 23) or IL-1 (31, 55) . These cytokines and possibly other so far unknown humoral host factors may precondition ECs in a way that renders them more susceptible to the consequences of bacterial interaction. This hypothesis is currently under investigation. These studies that focus on the contribution of monocytes and specific species-or strain-dependent bacterial factors as well as host cell factors to the initiation of endothelial procoagulant activity may open new ways to a more specific and targeted approach in the treatment and prevention of BE.
